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Abstract: Understanding and quantifying mud suspension and sediment 
transport processes in estuaries are of great importance for effective 
exploitation and sustainable management of the estuarine environments. 
Event-based predictive models are widely used to identify the key 
interactions and mechanisms that govern the dynamics involved and to 
provide the essential parameterisations for assessing the long-term 
morphodynamic evolution of the estuaries. In this study, a one-
dimensional-vertical (1DV) Reynolds averaged two-phase model is developed 
for cohesive sediments resuspension driven by tidal flows. To capture the 
time-dependent flocculation process more accurately, a new drag force 
closure which relates empirically settling velocity of mud flocs with 
suspended sediment concentration (SSC)  is incorporated into the two-
phase model. The model is then applied to simulate mud suspension at 
Ems/Dollard estuary during two periods (June and August 1996) of tidal 
forcing. Numerical predictions of bed shear stresses and sediment 
concentrations at different elevations above the bed are compared with 
measured variations. The results confirm the importance of including 
flocculation effects in calculating the settling velocity of mud flocs 
and demonstrates the sensitivity of prediction with the settling velocity 
in terms of flocs concentration. Although the two-phase modelling 
approach can in principle better capture the essential interactions 
between fluid and sediment phases, its practical advantages over the 
simpler single phase approach cannot be confirmed for the data periods 
simulated, partly because the overall suspended sediment concentration 
measured is rather low and the interaction between the two phases is weak 
and also because the uncertainties in the relationship between the 
settling velocity and flocs concentration. 
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Fig. R1 Vertical profile of settling velocity predicted in AWF at different time 
 
 
 
 
 
 
 
 
 Fig. R2 The measured SSC by Van Der Ham et al. (2001) at 0.3 m (the second panel) 
0.7 m (the third panel) and 1.4 m (the fourth panel) above the bed (diamonds) in 
August measuring period, numerical prediction from run JNF (black dashed curve 
0.0005m/s, yellow dashed curve 0.000194m/s and blue dashed curve 0.00022m/s). 
The tidal elevation (dashed curve) and depth-averaged velocity (solid curve) are 
shown in the first panel. 
 
 
 
 
 
 
  
Fig. R3 The measured variations of SSC by Van Der Ham et al. (2001) at 0.3 m (the 
second panel) 0.7 m (the third panel) and 1.4 m (the fourth panel) above the bed 
(diamonds) in August measuring period, numerical prediction from run JWF (black 
solid curve grid 21, yellow solid curve grid 31 and blue solid curve grid 42) and run 
JNF (black dashed curve grid 21, yellow dashed curve grid 31 and blue dashed curve 
grid 42). The tidal elevation (dashed curve) and depth-averaged velocity (solid curve) 
are shown in the first panel. 
 
 
 
 
 
Table R1 
Root-mean-square errors between measured data and model results 
Level 
above the 
seabed (m) 
JWF (Data 1) JNF (Data 1) Son and Hsu 
(2011) (Data 
1) grid 21 grid 31 grid 42 
grid 
21 
grid 
31 
grid 
42 
0.3 0.284 0.294 0.301 0.409 0.429 0.450 0.298 
0.7 0.146 0.147 0.145 0.343 0.296 0.303 0.221 
1.4 0.121 0.136 0.131 0.204 0.195 0.213 - 
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Abstract 13 
Understanding and quantifying mud suspension and sediment transport processes in 14 
estuaries are of great importance for effective exploitation and sustainable management 15 
of the estuarine environments. Event-based predictive models are widely used to identify 16 
the key interactions and mechanisms that govern the dynamics involved and to provide 17 
the essential parameterisations for assessing the long-term morphodynamic evolution of 18 
the estuaries. In this study, a one-dimensional-vertical (1DV) Reynolds averaged two-19 
phase model is developed for cohesive sediments resuspension driven by tidal flows. To 20 
capture the time-dependent flocculation process more accurately, a new drag force 21 
closure which relates empirically settling velocity of mud flocs with suspended sediment 22 
concentration (SSC)
1 is incorporated into the two-phase model. The model is then applied 23 
to simulate mud suspension at Ems/Dollard estuary during two periods (June and August 24 
                                                          
1
 SSC: suspended sediment concentration 
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1996) of tidal forcing. Numerical predictions of bed shear stresses and sediment 25 
concentrations at different elevations above the bed are compared with measured 26 
variations. The results confirm the importance of including flocculation effects in 27 
calculating the settling velocity of mud flocs and demonstrates the sensitivity of 28 
prediction with the settling velocity in terms of flocs concentration. Although the two-29 
phase modelling approach can in principle better capture the essential interactions 30 
between fluid and sediment phases, its practical advantages over the simpler single phase 31 
approach cannot be confirmed for the data periods simulated, partly because the overall 32 
suspended sediment concentration measured is rather low and the interaction between the 33 
two phases is weak and also because the uncertainties in the relationship between the 34 
settling velocity and flocs concentration.  35 
Keywords: Two-phase flow; cohesive sediment; flocculation; suspension; 36 
modelling 37 
1 Introduction 38 
Cohesive sediment transport and the accompanying changes in the bed morphology play 39 
an essential role in the morphological evolution and dynamic equilibrium of muddy 40 
estuaries and coasts (Li et al., 2016; van der Ham and Winterwerp, 2001). Large amount 41 
of sediment from the upstream of rivers settles and accumulates at estuaries, which may 42 
cause complex sediment transport patterns, and large estuarine delta may form (Bian et 43 
al., 2013). Suspended cohesive sediment can also significantly affect the nutrients and 44 
pollutant cycles in the water column through sedimentation and re-suspension processes 45 
(Chen et al., 2015; Delandmeter et al., 2015; Percuoco et al., 2015). In water treatment 46 
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industry, controlling the settling process of cohesive sediments is also one of the key 47 
technical challenges. Due to biological and chemical attraction, primary particles and 48 
small flocs are easily aggregated together and form larger flocs, known as flocculation 49 
process (van der Ham and Winterwerp, 2001). Consisting of a skeleton formed by solid 50 
primary mud particles and interstices filled with liquid , these mud flocs have dynamic 51 
characteristics completely different from that of primary clay particles, notably lower 52 
density, larger size, irregular shape and larger settling velocity (Maggi, 2013). The mud 53 
floc size is also time-dependent and controlled by various factors such as turbulence, 54 
concentration, salinity and biological effects. Any serious attempts to predict the cohesive 55 
sediment movements needs to account for the transient behaviour of the mud flocs 56 
throughout its life cycle of formation, evolution and settlement (Son and Hsu, 2011; Xu 57 
and Dong, 2016). 58 
Ems/Dollard estuary is an ebb current dominated estuary (Dyer et al., 2000; Talke and de 59 
Swart, 2006; van der Ham and Winterwerp, 2001). Intra-tidal variations in suspended 60 
sediment concentration (SSC) are influenced by sediment availability, horizontal 61 
sediment transport and more importantly vertical mixing. Past observations have shown 62 
that there exist significant time lags between current velocity and SSC as the SSC tends 63 
to stop increasing before the maximum current velocity is reached, primarily due to the 64 
limited sediment availability (van der Ham and Winterwerp, 2001; Van der Lee, 2000). 65 
These studies have also found that flocculation process can significantly affect the 66 
settling velocities of cohesive sediments as well as the sediment transport rate in the 67 
Ems/Dollard estuary (Van der Lee, 2000; van Leussen, 1999, 2011). 68 
4 
 
To understand the sediment suspension behaviour, especially the effects of flocculation 69 
process on the distribution of SSC, a range of numerical models have been developed and 70 
applied to the Ems/Dollard Estuary. A single-phase 1DV model was applied by van der 71 
Ham and Winterwerp (2001) to calculate the suspended sediment concentration. In this 72 
model, separate empirical formulae or sub models were used to determine stratification 73 
effects, sediment availability and settling velocities. The settling velocities are related to 74 
SSC and calculated according to the level of turbulence and degrees of flocculation. 75 
During the flow deceleration period, the SSC decreases rapidly as the results of formation 76 
of large mud flocs and their rapid settling (van Leussen, 2011). Son and Hsu (2011) also 77 
applied a 1DV model to reanalyze the data used by van der Ham and Winterwerp (2001). 78 
The flocculation model incorporated in their 1DV model was an extension of Winterwerp 79 
(1998) by including the effects of variable fractal dimensions and yield stresses of mud 80 
flocs in the flocculation process. Despite the increased sophistication in theoretical 81 
formulation of flocculation processes, the calculated SSC from the model were no more 82 
accurate than that of van der Ham and Winterwerp (2001). In particular, the time lag 83 
between flow velocity and sediment concentration, which is known to be an important 84 
erosion/deposition feature in Ems, is not well predicted as the calculated SSC peaks 85 
always appear earlier than the measurements.  86 
In the last two decades, two-phase flow modelling approach has been introduced to 87 
model sediment transport in coastal and estuarine areas(Chauchat et al., 2013; Dong and 88 
Zhang, 1999; Nguyen et al., 2012). In these models, the fluid phase and the solid phase 89 
are treated separately by solving the mass and momentum equations of each phase. 90 
Determination of closures for the two-phase flow model is one of the main tasks in 91 
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implementing the technique to ensure the interactions between fluid and particle and 92 
between particles and particles to be adequately described. Until very recently, most of 93 
the two-phase models in coastal engineering are for non-cohesive sediment problems 94 
(Dong and Zhang, 1999; Hsu, 2004; Ono et al., 1996), in which the sediment (sand) size 95 
is taken as a known constant. This is clearly not the case for cohesive sediment because 96 
of flocculation, a process pertaining only to cohesive sediment dynamics. Recently a one 97 
dimensional vertical two-phase model has been developed by Chauchat et al. (2013) and 98 
was validated using settling tanks experiments. In this 1DV two-phase model, hindered 99 
settling and consolidation process are also considered whereas flocculation process is 100 
ignored.  101 
In this paper, a one-dimensional-vertical (1DV) Reynolds averaged two-phase model for 102 
cohesive sediment resuspension driven by tidal flows is presented. To the best of the 103 
authors’ knowledge, it is the first work to incorporate the mud particle flocculation 104 
process in the two-phase modelling framework. A notable new feature of the model is 105 
that the standard closure of drag force is modified to incorporate both flocculation and 106 
hindered settling effects. After validation against the data from settling tank experiments, 107 
the model is applied to simulate sediment dynamics in Ems/Dollard estuary over two 108 
periods during which tide currents are dominant and wave effects are negligible. The 109 
modelling results are presented and the effectiveness and limitations of the model are 110 
discussed. 111 
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2 Model formulation 112 
2.1 Governing equations 113 
The two-phase model is developed based largely on the work of Chauchat et al. (2013) 114 
and Dong and Zhang (1999). As cohesive sediment particles are much lighter than sands, 115 
the inertia effect is usually negligible. The flow and particle can be assumed to have the 116 
same mean horizontal velocity. Thus, the continuity and momentum equations for both 117 
phases can be derived as: 118 
                                       
1
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where U  is the horizontal velocity for both phases, mix s s f f       is the density of 126 
the mixture, t  is time, x  axis is taken as the horizontal direction, z  axis is taken as the 127 
vertical direction.   ,   and w  are density, volume fraction and settling velocity in the 128 
vertical direction, the subscripts f  and s  correspond to fluid phase and solid phase, 129 
respectively.   and T  are the molecular viscosity and eddy viscosity. e  is the effective 130 
stress, v  is the viscous shear stress of the mixture, g  is the gravitational acceleration 131 
and if  is the momentum transfer between two phases. P  is the pressure of mixture, fp  132 
and sp  correspond to the fluid and solid pressure, respectively. The schematic diagram of 133 
the complete two-phase model is shown in Fig. 1, in which most of the main simulated 134 
processes are included. 135 
2.2 Closures for the model 136 
To solve the two-phase flow equations, the source or closure terms need to be specified. 137 
The formulations used for these closure terms follow closely that proposed by Chauchat 138 
et al. (2013) and Dong and Zhang (1999). 139 
The turbulence eddy viscosity is calculated using a modified classical mixing length 140 
method including the buoyancy effect as it may significantly alter the turbulent flow 141 
structure: 142 
                        20.16 (1 )T v
z u
z F
h z


 

                                                                  (7) 143 
and similarly, the eddy diffusivity is estimated as: 144 
                                                        T dT
T v
F
F


                                                                    (8) 145 
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where vF  and dF  are the dissipation coefficients of eddy viscosity and eddy diffusivity 146 
due to the buoyancy effects caused by suspended sediments (Kranenburg, 1998; Toorman, 147 
2002), T  is the turbulent Prandtl-Schmidt number and usually specified as 0.7 or 1.0 148 
(van der Ham and Winterwerp, 2001). 149 
Kranenburg (1998) proposed that both eddy viscosity and eddy diffusivity coefficients 150 
can be related to the gradient Richardson numbers as: 151 
                                              (1 ) avF ARi
                                                         (9) 152 
                                                       (1 ) bdF BRi
                                                          (10) 153 
where A  , B  , a  and b  are all empirical coefficients and specified as 2.4, 2.4, -2 and -4 154 
respectively; Ri  is the gradient Richardson number, which is defined as: 155 
                                             
2( )
mixg
zRi
U
z







                                                          (11) 156 
The viscous shear stress for both phases is assumed to be equal here and is given as: 157 
                                              T[ ( ) ]mix m mu u                                                        (12) 158 
                                        (1 )mix f s                                                             (13) 159 
where m f f s su u u    is the volume averaged velocity and mix  is the viscosity of the 160 
mixture. According to Chauchat et al. (2013), the shear stress of the mixture can be 161 
related to the volume averaged velocity gradient by the mixture viscosity.   is the 162 
amplification factor for the viscosity of mixture, in which the non-Newtonian effects are 163 
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included when the fraction of solid phase is large. The specific formulae for   is 164 
(Graham, 1981):  165 
                        
* * * * 2
5 9 1 1 1 1 1
( )
2 4 1 2 1 2 (1 2 ) sd d d d


   
  
                                       (14) 166 
where 
*d  is the non-dimensional inter-particle distance and expressed as 167 
* 1/3 1/3[1 ( / ) ] / ( / )max maxs s s sd      ,
 where 0.625maxs   is the maximum solid volume 168 
of simple cubic packed spheres. Viscosity of the mixture calculated from Equations (13) 169 
and (14) can be applied to situations in which the variation of sediment concentration is 170 
large and it is also consistent with the classic formula (1 2.5 )mix f s     in the dilute 171 
case (Einstein, 1905) and with the formulation max 1/3 19 / 8[( / ) 1]mix f s s   
   in the 172 
dense case (Frankel and Acrivos, 1967). 173 
In the two-phase model, the Darcy-Gersevanov’s expression is used for the drag force: 174 
                                                       ( )
f
i f s
g
f w w
K

                                                      (15) 175 
where K  is the permeability. According to the derivation of Toorman (1996), the 176 
permeability K  can be specified as: 177 
                                                  ( / 1)s s fW K                                                         (16) 178 
where W  is the empirical settling velocity near the bed. From Equations (15) and (16), 179 
Equation (17) can be obtained: 180 
                             ( )[ ( / 1)]
f
i s f s s f
g
f w w
W

                                               (17) 181 
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Therefore, the only problem that remains is to find a suitable formula for the flocs settling 182 
velocityW . Camenen and Pham van Bang (2011) proposed a formula which ensures a 183 
smooth curve of settling velocity during the transition from hindered settling regime to 184 
the permeability regime. In the hindered settling regime, the formula is given as: 185 
                                       /2 /2 10
max
(1 ) (1 ) (1 )n nsW w

 

                                            (18) 186 
where 0w  is the settling velocity of mud flocs in dilute situation. n  is the fractal 187 
dimension and specified as 2.55. max  is the maximum volumetric fraction of mud flocs. 188 
As the sediment concentration cannot reach unity and the settling velocity will become 189 
almost zero when it reaches gelling concentration (Winterwerp, 2002), the forth term on 190 
the right hand of Equation (18) is added and max  is set as 0.85. To make sure the 191 
continuity of settling velocity in both regimes, the formula below is used: 192 
                   
/2 /2 1
0
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
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                            (19) 193 
where the value of max  corresponds to the gelling fraction 0.025
gel
s  , 1.283  is an 194 
empirical coefficient. W  equals to gelW  when gels  . 195 
 196 
It should be noted that the Equations (17) and (19) describe the hindered settling effects 197 
of mud flocs of known state (size and concentration). But in a tidal time scale, both floc 198 
sizes and settling velocities in the Ems estuary are strongly correlated with SSC (Van der 199 
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Lee, 2000). As a first approximation, we decide to adopt a simple flocculation model with 200 
floc settling velocities being nonlinearly dependent only on SSC. According to Thorn 201 
(1981) a power relationship usually exists between particle mass concentration and 202 
settling velocities of mud flocs in the flocculation stage. i.e.: 203 
                                            0 1
mw k C                                                                              (20) 204 
where 1k  is the empirical coefficient. C  is the sediment mass concentration (
3kg/ m ) 205 
and m  is a site-dependent coefficient and needs to be determined empirically. 206 
By combining the Equations (19) and (20), a new drag force closure is obtained. As the 207 
effects of both flocculation and hindered settling are presented in this single closure 208 
relationship, the transition of settling velocity from flocculation regime to hindered 209 
settling regime can be determined continuously during the model run. The complete form 210 
of the new closure is presented as Equations (17) and (21): 211 
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                         (21) 212 
Effective stress occurs only when the sediment particles or mud flocs contact with each 213 
other, otherwise it vanishes. In the proposed effective stress closure, the effective stress 214 
appears when sediment concentration reaches the gelling concentration gels (Chauchat et 215 
al., 2013). 216 
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where maxs  is 0.14 and 0  is 0.14 Pa . When sediment concentration s  is larger than 218 
gelling concentration gels , the effective stress develops. Compared to the formula given 219 
by Merckelbach and Kranenburg (2004), Equation (22) avoids the limitation that the 220 
effective stress never equals to zero.  221 
2.3 Boundary conditions 222 
Bottom boundary condition for shear stress is specified as: 223 
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where *u is the friction velocity, bz is a small distance from the bed which is usually taken 226 
as half height of the first computational grid and 0z  is the roughness length (van der Ham 227 
and Winterwerp, 2001).  is the Karman constant.  228 
Boundary condition for the continuity equation of solid phase is given as: 229 
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where M is the erosion coefficient, b  is the bed shear stress, cr is the critical bed shear 231 
stress for sediment erosion. 232 
3 Model application to the Ems/Dollard Estuary 233 
3.1 Model setup and materials 234 
As discussed in section 1, in estuaries and coastal seas, the size and density of mud flocs 235 
during flocculation may change constantly and so is the settling velocity. Therefore, the 236 
time scale is an important factor in modeling cohesive sediment transport processes. The 237 
past research has identified that floc sizes are closely related to suspended sediment 238 
concentration on a tidal time scale, while on the seasonal time scale, the floc sizes are 239 
essentially determined by the properties of the sediments (Van der Lee, 2000). The model 240 
application here is designed to focus on the tidal time scale so as to examine critically the 241 
capability of the developed model. 242 
The Ems estuary has its mouth in the Wadden Sea. Measurement Point A in Fig. 2 was 243 
within a straight tidal channel Groote Gat, the average bottom elevation of which is 3.3m 244 
below N.A.P (Dutch ordnance datum). The horizontal gradients of SSC are known to be 245 
negligible and both horizontal and vertical salinity gradients are also small when the river 246 
discharge is low (Van Der Ham et al., 2001). Therefore, the present 1DV two-phase 247 
model is expected to be applicable to the measured data at this site. 248 
The data sets for two time periods, one from 02:00 27/Jun/1996 to 02:00 28/Jun/1996 and 249 
the other from 00:00 08/Aug/1996 to 00:00 09/Aug/1996, are considered (Van Der Ham 250 
et al., 2001). The former is denoted as Data 1 and the latter as Data 2. The time-varying 251 
depth-averaged flow velocity U  and water depth h  for Data 1 and Data 2 are used as the 252 
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inputs to the model. The fixed time step 1st  is used and the number of grid cells is 21. 253 
Model results vary little when the model is tested with grids 31 and 42. All the input 254 
values between the measured data points are determined using linear interpolation. 255 
Following van der Ham and Winterwerp (2001), a roughness height of 32 10 m  and the 256 
erosion rate for mud 81.54 10 m/ sM    are selected. Critical shear stress for erosion cr  257 
is specified as 0.1 Pa  which is the averaged critical shear stress suggested by Kornman 258 
and De Deckere (1998) based on sediment erosion studies in an adjacent tidal flat. 259 
Following van der Ham and Winterwerp (2001), the maximum depth-averaged sediment 260 
concentration maxC  is applied in both runs to account for the limited sediment availability. 261 
3.2 Results and discussion 262 
3.2.1 Data 1 263 
Numerical simulation for the June period with and without the effects of flocculation is 264 
denoted as JWF run (June With Flocculation) and JNF run (June No Flocculation), 265 
respectively. Equations (17) and (21) are used in JWF run, in which the new drag force 266 
closure is adopted to take account of the flocculation effects, while Equations (17) and 267 
(19) are used in JNF run, ignoring the flocculation effects. Here we follow van der Ham 268 
and Winterwerp (2001) and specify 1k  and m  as
3 m1.5 10 (m/ s) (g/ L)    and 1.2 for Data 269 
1 and Data 2. It should be mentioned that for Data 1 the settling velocity 0w  is set as 270 
42.2 10 m/ s , which is an average settling velocity from JWF run, to make the JWF run 271 
and JNF run more comparable. More details about the parameters used in the model 272 
simulation can be seen in Table 1 for Data 1 and in Table 3 for Data 2. 273 
Table 1  274 
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Fitting parameters used in the simulation of Data 1 275 
Run 
Setting 
velocity 
0w (m/s) 
Empirical 
coefficient 
m
1(m/ s) (g/ L)k

 
Site-
dependent 
coefficient 
m  
Erosion 
rate 
(m/ s)M  
3
max (kg/ m )C
 
JNF 42.2 10      
81.54 10  0.5 
JWF   
31.5 10  1.2 
81.54 10  0.5 
 276 
Fig. 3 shows the measured and modelled shear stress at 0.4 m above the bed. It can be 277 
seen that the model results for both JWF (solid line) and JNF (dashed line) runs compare 278 
well with the measured data. It can also be noticed that the shear stress calculated in JWF 279 
(solid line) run is almost identical to that in JNF (dashed line) run, which indicates the 280 
effects of flocculation process on shear stress is negligible under low sediment 281 
concentration. The flow structure is hardly affected when the SSC is less than 1
3kg/ m , a 282 
result which is consistent with the conclusion from the work of Van Der Ham et al. 283 
(2001).  284 
As both the shear stresses and the critical shear stress are the same, the differences in the 285 
predicted distributions of SSC for JWF and JNF runs are mainly due to the differences in 286 
the calculated settling velocities sw  in these runs. The measured and modelled variations 287 
of sediment concentration at 0.3 m, 0.7 m and 1.4 m above the bed are presented in Fig. 4. 288 
The numerical results during the two tidal cycles for both runs (with/without the effects 289 
of flocculation) seem to follow broadly the trend of measured data except for an abrupt 290 
increase of measured sediment concentration at the very start of the first tidal cycle, 291 
which is explained as a local increase of the sediment availability(van der Ham and 292 
Winterwerp, 2001). The model results with the effects of flocculation (solid line) 293 
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matched well with measured data, whereas those without the effects of flocculation 294 
process (dashed line) deviate more from the data. It can be noticed that a lower value of 295 
sediment concentration during the slack water time is predicted in JNF run, while during 296 
the acceleration phase, a much higher sediment concentration is predicted when 297 
compared with the measured data. The modelled sediment concentration peaks can be 298 
twice as that of the measured data during the acceleration time of the first tidal cycle at 299 
1.4 m. However, this level of discrepancy does not appear between the numerical results 300 
of JWF run and the measurements. To quantitatively describe the performance of both 301 
runs, the root-mean-square errors are shown in Table 2. JWF run shows the smallest at all 302 
levels. The root-mean-square errors calculated by Son and Hsu (2011) are larger than 303 
those of JWF run and smaller than those of JNF run at both 0.3 m and 0.7 m.  304 
Table 2  305 
Root-mean-square errors between measured data and model results 306 
Level 
above the 
seabed (m) 
JWF (Data 1) JNF (Data 1) 
Son and Hsu 
(2011) (Data 1) 
AWF 
(Data 2) 
ANF 
(Data 2) 
0.3 0.284 0.409 0.298 0.156 0.250 
0.7 0.146 0.343 0.221 0.109 0.111 
1.4 0.121 0.204 - 0.056 0.080 
 307 
To demonstrate the effect of flocculation, the vertical profile of settling velocities 308 
predicted in JWF run at different time are presented in Fig 5. As the settling velocities are 309 
constant in JNF run, only settling velocities at 6:00 hour are presented. In JWF run, it can 310 
be seen that the settling velocities range from approximately 0.0001 m/s to 0.0016 m/s 311 
within a tidal time scale. In the vertical direction, the distribution of settling velocities is 312 
consistent with the distribution of SSC. For example, the settling velocities are larger 313 
with high SSC at 13:00 and 18:00. In Equation (19) used for JNF run, the first term on 314 
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the right side is the settling velocity 0w , which is treated as a constant for mud flocs in 315 
dilute situation while in Equation (21) used for JWF run, the first term on the right side is 316 
1
mk C  which describes the effect of flocculation on the settling velocity. The 317 
computational results show that sw clearly increases with the increase of 1
mk C (thus C) as 318 
shown in Fig. 5 (for 3C   
3kg/ m  the hindered settling effects are unimportant). A lower 319 
SSC corresponds to a smaller settling velocity (see Fig 5 at 15:00 and 22:00) and thus 320 
less sediment deposited on the bed for JWF run, while for JNF run, the settling velocity is 321 
larger than that in JWF due to the use of constant value 0w  in the drag force closure, 322 
which causes the amount of sediment deposited on the bed to be overestimated (JNF run). 323 
Therefore, variations of sediment concentration modelled in JNF run are smaller than the 324 
field measurements. During the acceleration phase when the SSC is high due to the strong 325 
flow forcing, JWF run predict a larger settling velocity, which prevents the sediment from 326 
being diffused up in the water column, whereas, the settling velocity in JNF run is 327 
underestimated resulting in higher predicted sediment concentration peaks than the 328 
measured ones. 329 
To further illustrate the vertical SSC profile, model results in JWF run, JNF run and Son 330 
and Hsu (2011) along with the measured data are shown in Fig. 6. We follow Son and 331 
Hsu (2011) and only show the profiles from 0 to 3.5 m for the convenience of comparison. 332 
Generally, all the three modelled SSC profiles decrease away from the bed. A critical 333 
characteristic of SSC captured by Son and Hsu (2011) was that during the slack time (at 334 
14h and 2h+1d, a noticeable amount sediment is still suspended in the water column. This 335 
is believed to be due to the lower SSC as during slack time, which causes smaller floc 336 
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size and settling velocity. This phenomenon is somewhat better captured by JWF run in 337 
the present model (see vertical profiles at 14h and 2h in Fig. 6). In comparison with JWF 338 
run, the predicted SSC in JNF increases sharply from the surface to the bottom. 339 
3.2.2 Data 2 340 
Model simulations from 00:00 08/Aug/1996 to 00:00 09/Aug/1996 with and without the 341 
consideration of flocculation process are denoted as AWF (August With Flocculation) 342 
run and ANF (August No Flocculation) run, respectively. Again, it should be mentioned 343 
that, in the ANF run, if the settling velocity 0w  is set as 
42.2 10 m/ s as adopted in Data 344 
1, the predicted results cannot even capture the gross features of the measured data. In 345 
order to ensure meaningful comparisons, the settling velocity is increased to 45 10 m/ s , 346 
which is the value suggested by van der Ham and Winterwerp (2001). All parameters 347 
used in the simulation are listed in Table 3. 348 
Table 3  349 
Fitting parameters used in the simulation of Data 2 350 
Run 
Setting 
velocity 
0w (m/s) 
Empirical 
coefficient 
m
1(m/ s) (g/ L)k

 
Site-
dependent 
coefficient 
m  
Erosion 
rate 
(m/ s)M  
3
max (kg/ m )C
 
ANF 45 10      
81.54 10  0.25 
AWF   
31.5 10  1.2 
81.54 10  0.25 
 351 
The modelled shear stresses from both runs match the measurements well. The shear 352 
stress is again hardly affected by the flocculation process as expected and is not shown 353 
here because it does not add more than that already known from the results for the June 354 
data. The predicted time series of sediment concentration for both runs along with 355 
measured data at 0.3 m, 0.7 m and 1.4 m above the bed are shown in Fig. 7. The model 356 
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results generally follow the trend of measured data. However, during the acceleration 357 
time (8:00-11:00), the SSC peaks of ANF run are higher at 0.3 m (dashed curve in the 358 
third panel of Fig. 7). The results of AWF run, which includes the effects of flocculation 359 
by using Equations (17) and (21), fit better with the measurements during both floods and 360 
ebbs. In the fourth panel of Fig. 7, the results for AWF run (solid curve) compare well 361 
with experimental data, whereas, a lower sediment concentration is predicted in ANF run 362 
(dashed curve). It can be concluded that for ANF run, higher sediment concentration 363 
peaks are predicted in the lower part of the water column (0.3 m) but a lower SSC is 364 
predicted in the upper part of the water column (1.4 m). But it should be noticed that, the 365 
model results in AWF (August case) are not as good as those in JWF (June case) when 366 
compared to measured data (see Fig 4 and Fig 7). It may be because the maximum 367 
sediment concentration in Data 2 is less than 0.5 kg/m
3
 and the effects of flocculation 368 
decrease when sediment concentration decreases. 369 
To quantitatively show the performances of both runs (AWF and ANF runs), the root-370 
mean-square errors are shown in Table 2. As expected, the values of AWF run are 371 
smaller than those of ANF run. A similar explanation can be given as that for the June 372 
Data case. The vertical structures of SSC are shown in Fig. 8. It should be mentioned that 373 
a critical characteristic found is that a noticeable amount of sediment still suspended in 374 
the water column during the slack time, as captured in AWF run. For instance, at 8h or 375 
20h, the SSC profile modelled by AWF run matches well with measured data, whereas, 376 
that modelled in ANF run is close to zero and the blue dashed line is coincident with the 377 
vertical coordinate. This indicates that the new drag force closure used to describe 378 
flocculation effects is appropriate and a reasonable representation of the reality. 379 
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4 Conclusion 380 
A one-dimensional-vertical (1DV) Reynolds averaged two-phase model is developed and 381 
applied to simulate sediment suspension of Ems/Dollard estuary. The dataset consists of 382 
two periods of field measurements of flow and suspended sediment parameters when the 383 
tidal currents are dominant and waves are negligible. The model results confirm the 384 
previous findings that the flocculation effects are important at the study site but more 385 
importantly they have shown that neither treating the settling velocity of the flocs as a 386 
constant nor adopting seemingly more sophistic flocculation models gives better results 387 
of vertical distribution of suspended sediment concentration than those obtained from the 388 
simpler concentration-based settling velocity formulation that is adopted in this work. 389 
The vertical profile of SSC can be better captured especially during the slack tide when 390 
flocculation is considered. Overall, it can be concluded that more accurate predictions are 391 
obtained when the flocculation effects are considered using the new drag force closure. 392 
Though the sediment concentration is less than 1 g/ L  for both measuring periods and 393 
even less than 0.5 g/ L  for the August period, the results indicate that the flocculation 394 
process should be considered. But the flocculation effects may decrease due to the 395 
decrease of sediment concentration (less than 0.5 kg/m
3
). The generally acceptable 396 
overall agreement between the measured data and numerical predictions (JWF and AWF 397 
runs) demonstrate the capability of the model.  398 
The work presented is not designed to test the practical advantages of the two-phase 399 
modelling approach over the single-phase approach as the overall suspended sediment 400 
concentration in the data is rather low and the coupling between the two phases is too 401 
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weak. With sediment concentration being less than 1
3kg/ m for Data 1 and less than 0.5 402 
3kg/ m  for Data 2, the dissipation of turbulence due to the existence of suspended 403 
sediment is negligible and the shear stress is hardly affected by the presence of solid 404 
phase. However, the flocculation process should be considered. The simulations 405 
including flocculation effects show a better agreement with the data than that without 406 
consideration of flocculation effects. With the new drag force closure which accounted 407 
explicitly for the flocculation process, more accurate settling velocity profiles are 408 
obtained and so are the sediment concentration profiles. As to future works, there is a 409 
clear need for the two-phase model to be further evaluated using data from estuaries with 410 
much higher flocs concentration and more appreciable phase coupling effects. 411 
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Figures 494 
Fig.1 495 
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Fig. 1 Schematic diagram of two-phase model 497 
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 504 
Fig.2 505 
 506 
Fig. 2 The Ems/Dollard Estuary and the measuring point 507 
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Fig.3 515 
 516 
Fig. 3 The measured shear stress by Van Der Ham et al. (2001) at 0.4 m above the bed 517 
(cycles) in June measuring period and numerical prediction from run JWF (solid curve 518 
with the effects of flocculation) and run JNF (dashed curve without the effects of 519 
flocculation). The tidal elevation (dashed curve) and depth-averaged velocity (solid curve) 520 
are shown in the first panel. 521 
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 533 
 534 
Fig.4 535 
 536 
Fig. 4 The measured variations of SSC by Van Der Ham et al. (2001) at 0.3 m (the 537 
second panel), 0.7 m (the third panel) and 1.4 m (the fourth panel) above the bed 538 
(diamonds) in June measuring period, numerical prediction from run JWF (solid curve) 539 
and run JNF (dashed curve). The tidal elevation (dashed curve) and depth-averaged 540 
velocity (solid curve) are shown in the first panel. 541 
 542 
28 
 
 543 
 544 
 545 
Fig.5 546 
 547 
Fig. 5 Vertical profile of settling velocity predicted in JWF and JNF at different time 548 
Fig.6 549 
 550 
Fig. 6 Measured (diamonds) and modelled sediment concentration profile of run JWF 551 
(solid curves), run JNF (blue dashed curves) and model by Son and Hsu (2011) (dashed 552 
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curves). The tidal elevation (dashed curve) and depth-averaged velocity (solid curve) are 553 
shown in the first panel. 554 
 555 
 556 
Fig.7 557 
 558 
Fig. 7 The measured variations of SSC by Van Der Ham et al. (2001) at 0.3 m (the 559 
second panel) 0.7 m (the third panel) and 1.4 m (the fourth panel) above the bed 560 
(diamonds) in August measuring period, numerical prediction from run JWF (solid curve) 561 
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and run JNF (dashed curve). The tidal elevation (dashed curve) and depth-averaged 562 
velocity (solid curve) are shown in the first panel. 563 
 564 
 565 
 566 
Fig.8 567 
 568 
Fig. 8 Measured (diamonds) and modelled sediment concentration profile of run JWF 569 
(solid curves) and run JNF (blue dashed curves). The tidal elevation (dashed curve) and 570 
depth-averaged velocity (solid curve) are shown in the first panel. 571 
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